Agricultural & Environmental Letters

Research Letter
Abstract: Soil disturbance reduces plant-residue cover and can leave bare soil susceptible to erosion, extreme temperature fluctuations, and increased evaporation. Under such conditions, establishing vegetation is difficult. To overcome these difficulties, managing disturbed lands by applying surface cover may be a good step toward soil reclamation. Hydromulch is often applied to stabilize soil after disturbance, but its influence on soil temperature and evaporation has not been described. This study assessed soil temperature over time and used the surface energy balance to quantify evaporation from bare soil (0×), and two rates of hydromulch application, 1× and 3× (by weight) of manufacturer's recommended rate. Diurnal temperature extremes were highest in the 0× and least in the 3×. Evaporation was highest in the 0× during the final 18 d of data collection and lowest in the 3×. These findings indicate that temperature fluctuations decrease and evaporation is reduced when hydromulch is applied to bare soil, suggesting it may aid in soil reclamation.
North Dakota State Univ., Dep. of Soil Science, Fargo, ND 58108.
Core Ideas
• Hydromulch was applied to disturbed, bare soil at two rates.
• Micro-Bowen ratio systems quantified soil temperature and evaporation.
• Hydromulch moderated temperature fluctuations, especially daily maximums.
• Hydromulch application reduced evaporation following rainfall.
Abbreviations: DOY, day of year; MBR, micro-Bowen Ratio system; SEB, surface energy balance.
tackified nature of hydromulches may hold them in place while other types of surface cover are blown away. To evaluate the potential benefits of hydromulch application to bare soil, we quantified soil temperature and evaporation over time under three rates of hydromulch to answer the question: Does hydromulch moderate temperature fluctuations and reduce evaporation?
Materials and Methods
Site Characterization
This study was conducted during the fall of 2017 on research plots (10 m by 10 m each) located on the North Dakota State University campus in Fargo, ND, from day of year (DOY) 242 to 282. The mean daily air temperature during the study ranged from 8 to 24°C, and the total precipitation was 83 mm (NDAWN, 2017) . The soil is a Fargo silty clay (fine, smectitic, frigid Typic Epiaquert; USDA-NRCS, 2017), which is extensive in the region and typically used for crop production. The plots were most recently under ryegrass (Lolium perenne L.), which was harvested in late summer, and then tilled 2 wk before the beginning of the study.
Surface Energy Balance and MicroBowen Ratio Instrumentation
Soil temperature and evaporation were quantified using micro-Bowen Ratio (MBR) systems to quantify the surface energy balance (SEB). The SEB describes how energy is partitioned at the soil surface, as given by
where R n is the net radiation, G is the soil heat flux, LE is the latent heat flux, and H is the sensible heat flux (all in W m -2
). The MBRs (Fig. 1a) were adapted from Holland et al. (2013) ; a full description of the systems can be found there. Briefly, the MBRs directly measured R n using a net radiometer (NR-Lite2, Campbell Scientific, Inc.), and G was determined by the combination method (Ochsner et al., 2007) , which was calculated using a soil heat flux plate (HFP01, Campbell Scientific, Inc.), soil water content (CS616 reflectometer, Campbell Scientific, Inc.), and soil temperature (Type-T thermocouple, 24-gauge). The soil water probes were calibrated using oven-dried, hand-sampled soil cylinders at a range of soil water contents. While R n and G were measured and calculated separately, the Bowen ratio (b; Eq.
[2] [Bowen, 1926] ) was used to quantify LE through its relationship with H in the SEB (Eq. [3]):
To describe b, the MBRs quantified water vapor concentration (LI-840A, LI-COR Biosciences) and air temperature (Type-T thermocouple, 30-gauge) at two heights (1 and 11 cm) above either the bare soil surface (0×) or the hydromulch surface (1× and 3×). Air intakes for temperature and water vapor measurements were shielded with polyvinyl chloride piping (25 mm o.d., 19 mm i.d.) and aspirated by fans (Sunon, Kaohsiung City, Taiwan).
The MBRs were installed on DOY 241 and collected data continuously on CR10x dataloggers (Campbell Scientific, Inc.) until DOY 282, although the air intakes were disabled when relative humidity surpassed 88%. This study focused on daytime evaporation, so only data collected from 9:00 to 17:00 are included. For data quality assessment, data were rejected when β approached -1, since that caused LE to approach infinity (see Eq.
[3]). These rejections typically occurred when -1.15 < b < 0.85, and exact values were calculated based on equations in Perez et al. (1999) . Further, data were rejected that did not meet the sign conventions required by SEB theory, fully described in Perez et al. (1999) . Days with any rejected values between 9:00 and 17:00 were omitted, so all days reported in the results consist of complete daily datasets.
Before installation on the plots, the three MBRs were intercalibrated by installing them over a uniform turfgrass for 10 d in early spring. The daily coefficient of variation (CV) between the MBRs was lowest for R n (0.09 ± 0.04) and highest for G (0.89 ± 1.5), with intermediate values for LE (0.27 ± 0.18) and H (0.17 ± 0.15). The CVs are similar to those found in other studies for R n (0.03-0.06; Dugas and Mayeux, 1991), G (0.19-1.85; Carey and Woo, 2000) , and evaporation (0.15-0.25; Lenters et al., 2005) . These CVs offer context for how much the SEB components may vary (i) due to the sensors themselves and (ii) due to local variability in soil properties and microclimate.
Hydromulch Application
Plots were irrigated (5 mm water each) on DOY 241 before hydromulch application on DOY 242. Hydromulch (Second Nature Wood Fiber Plus Hydraulic Mulch, Profile Products LLC) was mixed with water to create a 1:2 mixture (i.e., 0.45 kg hydromulch to 7.5 L water), which was applied to the plots using T-30 HydroSeeder (Finn Corporation) at two different rates, 1× and 3×. The control plot (0×) received no hydromulch application, the 1× plot received 22.7 kg of hydromulch (2.2 Mg ha -1 ), the recommended rate, and the 3× plot received 68 kg of hydromulch (6.7 Mg ha -1 ); hydromulch thickness was approximately 2 mm on the 1× and 7 mm on the 3× plot. Because hydromulch is applied as a mixture with water, the 1× and 3× plots received an additional 3.8 mm and 11.4 mm of water, respectively, whereas the 0× plot received no additional water because no hydromulch was applied.
Results and Discussion
Soil Temperature
The MBRs collected soil temperature data every 5 min for 39 d; a subset is shown in Fig. 2a (DOY 264-274) . Over the course of the study, average daily temperatures were highest in the 0× plot (16.4°C) when compared to the 1× (15.9°C) and 3× (15.3°C) plots. These magnitudes were similar to temperature under wheat straw mulch (Zhang et al., 2009 ). Broadly, all three rates followed the same warming and cooling trends (e.g., warming DOY 264-266, cooling DOY 266-270), but the diurnal variation of the rates were different. The 3× rate buffered daily soil temperature fluctuations, especially by decreasing daily maximum temperatures, likely due to a low thermal conductivity of the mulch (Horton et al., 1996) . Further, the reduced thermal conductivity caused a shift of maximum and minimum temperatures to later in the day in the 3× plot, as the energy was slower to reach the depth of the thermocouple. These diurnal trends were less evident in the 1× plot, indicating that the amount of mulch applied did not alter the thermal regime. Notably, these temperature trends were moderated after rainfall events, as seen from DOY 266 to 269 (Fig. 2a.) , likely caused by higher thermal inertia of the wet soil. As the soils dried, the influence of the soil water diminished, and the differences between the soil materials became evident. Even with these drying events, soil water contents remained high (usually between 0.35 and 0.45 cm 3 cm -3 ), and all three plots were within ± 0.05 cm 3 cm -3 for the duration of the study.
Cumulative Fluxes
Data from 7 d of the study were rejected on the basis of the screening procedures described above, primarily due to precipitation events and extreme fluctuations in air temperature and vapor pressure gradients. During the remaining 32 d of usable data, the cumulative fluxes of the SEB showed two distinct patterns. The first period, DOY 244 to 257, was characterized by drying after initial irrigation and hydromulch application. The second period of usable data, DOY 258 to 282, represents frequent wetting-drying cycles caused by rainfall events (Fig. 2f) . The net radiation (R n ) showed consistent differences among the plots throughout both periods (Fig. 2b) . The 0× plot had the highest cumulative R n , and as more hydromulch was applied, cumulative R n decreased. These differences were the result of the increased reflectance of the bright green hydromulch (Fig. 1b-d ) compared with the dark bare soil (Sharratt and Campbell, 1994) . Similar to the R n , trends in soil heat flux (G) did not change between the drying period and the rainfall period. The cumulative G in the 3× plot was consistently the lowest, likely due to reduced R n and the decreased thermal conductivity of the mulch (Horton et al., 1996) . Despite the apparent cumulative differences in G between the 0× and 1× plots (Fig. 2d) , the variation in daily G fluxes suggests that the differences are due to natural variability. The sensible heat flux (H) was consistently higher in the 0× plot during the drying period of the first 14 d, which is reflected by a greater slope on the cumulative graph (Fig.  2c) . During the period with rainfall, the slope of H was more similar to the plots with hydromulch. Most of the differences from the cumulative R n are reflected in the differences in H, rather than G or latent heat flux (LE). While H showed great differences during the initial drying period, cumulative LE differences were more evident during the rainfall period. Cumulative LE in all three plots was similar over the first 14 d, while the 0× plot had higher LE than either 1× or 3× plots throughout the remainder of the study.
Evaporation
Evaporation trends were closely tied to daily air temperatures. After precipitation events when average daily air temperatures were above 20°C, all plots had increased evaporation. When temperatures were lower (<10°C), evaporation was also lower, even after high rainfall events, likely due to the reduced vapor pressure capacity of the air, which is reflected in the vapor pressure deficit (Fig. 2f) .
Over the first 14 d, evaporation was slightly higher in the hydromulch plots (3×: 11.6 mm; 1×: 13.3 mm) than on the 0× plot (9.8 mm), which was likely the result of more water being available for evaporation because of more water added during hydromulch application. During the second period of the study , these trends reversed and evaporation was reduced in the 3× (13.5 mm) and the 1× (16.7 mm) plots when compared to the 0× plot (20.0 mm).
Implications
These temperature and evaporation trends could have several meaningful impacts on the soil system. Seed germination and seedling growth can be inhibited by extreme temperatures swings (Kader et al., 2017) , so the buffering effect of the 3× plot could improve conditions for vegetation establishment. However, applying too much mulch can also have a negative effect on some vegetation species (Mollard et al., 2016) , so a balanced approach is required.
Soil water is a critical driver of biomass production and soil health, and the magnitude of decreased evaporation by the hydromulch application could be valuable over the course of a growing season, especially in semiarid or arid ecosystems. For example, the average mean of total precipitation for June through September in Williston, ND, is less than 200 mm (NDAWN, 2017) . Extrapolating the results of this study to Williston, which has a relatively short growing season of 120 d, the evaporation reduction amounts to 41 mm for the 3× and 21 mm for the 1× plot. Thus, in semiarid regions where potential evapotranspiration is oftentimes five times precipitation (NDAWN, 2017) , the use of hydromulches may be a viable option for surface cover that can increase water availability to vegetation by reducing evaporation.
Conclusion
This study indicates that hydromulch application affects the soil temperature regime and evaporative fluxes when compared to bare soil. A thin layer of hydromulch provided nearly 80% surface cover that slightly moderated soil temperature fluctuation and reduced evaporation by 16%. Moreover, a thicker cover of hydromulch, covering 97% of the surface, noticeably reduced daily maximum temperatures, increased daily minimum temperatures, and reduced evaporation by 32%. Thus, typical application rates or higher of hydromulch will reduce soil temperature fluctuations and evaporative fluxes to make it more suitable for vegetation establishment.
